Pb x Ba 1−x TiO 3 (0.2 ഛ x ഛ 1) thin films were deposited on single-crystal MgO as well as amorphous Si 3 N 4 /Si substrates using biaxially textured MgO buffer templates, grown by ion beam-assisted deposition (IBAD). The ferroelectric films were stoichiometric and highly oriented, with only (001) and (100) orientations evident in x-ray diffraction (XRD) scans. Films on biaxially textured templates had smaller grains (60 nm average) than those deposited on single-crystal MgO (300 nm average). Electron backscatter diffraction (EBSD) has been used to study the microtexture on both types of substrates and the results were consistent with x-ray pole figures and transmission electron microscopy (TEM) micrographs that indicated the presence of 90°domain boundaries, twins, in films deposited on single-crystal MgO substrates. In contrast, films on biaxially textured substrates consisted of small single-domain grains that were either c or a oriented. The surface-sensitive EBSD technique was used to measure the tetragonal tilt angle as well as in-plane and out-of-plane texture. High-temperature x-ray diffraction (HTXRD) of films with 90°domain walls indicated large changes, as much as 60%, in the c and a domain fractions with temperature, while such changes were not observed for Pb x Ba 1−x TiO 3 (PBT) films on biaxially textured MgO/Si 3 N 4 /Si substrates, which lacked 90°domain boundaries.
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I. INTRODUCTION
High-frequency response and work output per unit volume are two important figures of merit for microactuator materials. 1 Taking this into account, ferroelectrics are candidate materials since actuation can be achieved by directly applying electric fields. As a ferroelectric, the solid solution system Pb x Ba 1−x TiO 3 (PBT) is [001] polarized at room temperature (tetragonal) and is cubic above the Curie temperature, T c . The polarization direction may lie along any of the six equivalent 〈100〉 directions, and this direction of polarization can be switched by applied electric fields or mechanical loads. The switching is accompanied by a reorientation of the tetragonal unit cell and can lead to a strain corresponding to c/a − 1, where c/a is the ratio of lattice parameters. In principle, this strain is about 1% for BaTiO 3 (BT) and 6.3% for PbTiO 3 (PT). 2 Furthermore, the mobility of 90°d omain walls is expected to be a function of composition as the Curie temperature varies monotonically with composition, from 120°C for BT to 490°C for PT. The ability to tune the composition of the ferroelectric thin film, and consequently the strain and response time, may allow flexibility in material design.
To achieve the high strains associated with the c/a ratio, PBT must be utilized in single-crystal or highly textured thin film forms in order to be completely cycled between two different polarized states. 3, 4 Metalorganic chemical vapor deposition (MOCVD) has been shown to be an excellent technique for depositing PT on various substrates, 5-10 including on MgO. [11] [12] [13] BT has also been successfully deposited on MgO using metalorganic chemical vapor deposition (MOCVD). 14, 15 Despite this, little work has been done on MOCVD of the PBT system. Results available in the literature for MOCVD PBT on Pt/Si 16 indicated ferroelectric behavior only for x > 0.8 and strongly distorted c/a ratios (<1 for x < 0.8) where the distortions were attributed to film stress.
In this study, we report the successful deposition of highly oriented, ferroelectric PBT (0.2 ഛ x ഛ 1) thin films on both commercially obtained single-crystal MgO (used as received) substrates as well as amorphous Si 3 N 4 / Si using 20-nm IBAD (ion beam-assisted deposition) MgO followed by 20-nm homoepitaxial MgO, as a templating layer. Details on the IBAD MgO process can be found in reference #17. MgO is used as a substrate because the lattice parameter (4.213 Å) is reasonably well matched to the lattice parameters of tetragonal BT A detailed characterization of the microstructure is presented using a variety of techniques, for PBT on both types of substrates. There is evidence that the ferroelectric and fatigue properties of thin films depend on crystallite orientation. [19] [20] [21] Detailed texture analysis is, consequently, a crucial method in the characterization of ferroelectric-based electronic and MEMS devices. We use electron backscatter diffraction (EBSD) to confirm the presence of 90°domain walls and to study the crystallographic texture in PBT thin films, in addition to x-ray pole figures.
II. EXPERIMENTAL
The MOCVD reactor used in this study is a custombuilt, warm-wall stagnation-flow reactor with a vertical showerhead. 22 The reactor features a precursor delivery system that allows for closed-loop control of gas-phase stoichiometry during deposition to produce PBT films of varying compositions. The Ba, Pb, and Ti precursors are Ba(C 11 The stoichiometry control is accomplished using an ultraviolet-based control loop. Ultraviolet (UV)-based precursor control has been demonstrated in the literature for YBCO superconducting thin films. 22, 23 The precursors have distinct absorption features in the ultraviolet spectrum. These features have been characterized and appropriate wavelengths chosen for control purposes. The control wavelengths chosen were 290, 300, and 330 nm for the Ba, Pb, and Ti precursors, respectively. The solid precursors sublimate in the temperature controlled bubblers under the reduced pressure and are then passed through separate optical cells, kept at 250°C. At each cell, the UV signal strength indicates the concentration of the specific precursor. Active control in the feedback loop is accomplished by changing the carrier gas flow rate (3 SLM Ar total) through the individual bubblers. The total precursor flow rate is typically kept at 75 mol/ min. The precursors are then combined and subsequently mixed with 2 SLM O 2 and passed through a showerhead onto the heated substrate in the vertical stagnation-flow reactor. A typical growth rate resulting from this procedure is 3-4 nm/min of PBT.
The microstructure, surface morphology, and chemical composition of the PBT thin films were studied using a scanning electron microscope (LEO 1550 VP field emission SEM) equipped with an energy-dispersive spectrometer (EDS). Quantitative analyses of stoichiometry were performed using an electron micro-probe analyzer (Jeol JXA-733 EMPA) with sampling volumes of a few cubic microns, corresponding to a weight of a few picograms.
The crystallinity and phase purity were examined using -2 XRD scans (Philips X'Pert PRO MPD diffractometer) indicating the orientation of the deposited thin films, while scans conducted at higher temperatures were used to investigate domain switching and produced quantitative information regarding the abundance of specific domains in the films. Scans were typically collected from 2 ‫ס‬ 10°to 2 ‫ס‬ 80°.
Detailed domain characterization was accomplished by pole figure techniques (Philips X'Pert equipped with a texture cradle) and the results were compared to electron backscatter diffraction (EBSD) data. In recent years, EBSD has emerged as a powerful characterization tool for probing the microtexture of materials. The combination of high surface sensitivity, high spatial resolution (∼50 nm in a field emission SEM), and large spatial extent (using computer controlled stages) cannot be matched using traditional texture techniques. 24 In this study, we applied EBSD to study the texture of the ferroelectric thin films. Only samples with high Pb content (x ജ 0.8) were analyzed using this technique, as the increased tetragonal distortion makes it easier to distinguish between c and a domains during the automated indexing. The domain fractions and tetragonal tilt angles measured by EBSD, specifically on Pb-rich films with c/a ജ 1.05, produced results consistent with x-ray pole figure analysis. The tilt angle between c and a domains, ␦, accompanying the tetragonal distortion is especially useful for detecting domain boundaries. For c/a ജ 1.05, ␦ ജ 2.8°while the minimum measurable dispersion in orientation, using EBSD, is 1°. 24 Square regions of a few microns on each side were typically analyzed using grid points 50 nm apart for a total of a few thousand patterns from each sample. 
III. RESULTS AND DISCUSSION

A. Orientation
Only (h00) and (00l) PBT peaks were observed in -2 XRD spectra, indicating that the c and a axes of the tetragonal phase are either in or out of the plane of the substrate exclusively. Figure 1 compares the -2 spectra of two PBT films (x ‫ס‬ 0.8, 0.5 m thick). −6 /K). 27 At the high growth temperature, PBT is cubic. As the film cools below the Curie temperature, PBT transforms to the ferroelectric tetragonal phase and experiences compressive stress on single-crystal MgO (promoting c-axis orientation) while PBT on biaxially textured MgO/Si 3 N 4 /Si experiences tensile stress (promoting a-axis formation).
The PBT films of various compositions were deposited on MgO and the variation of lattice parameters, determined from normal -2 scans, with Pb content (x) is consistent with the published results 28 on bulk powder as shown in Fig. 2 . The Pb content was measured using electron microprobe analysis (EMPA). For thin films, the tetragonality ratio, c/a, was found to be slightly less than what is expected for the stress-free PBT powder.
B. Imaging
Surface images (Fig. 3) showed features, 200-400 nm in size, for PBT films on single crystal MgO while films deposited on biaxially textured MgO templates had smaller grain sizes, 40-90 nm. Cross-sectional SEM (Fig. 4) revealed crack-free cross-sections with uniform thicknesses as well as clean interfaces. No impurities were detected using EDS. The small PBT grain size on the biaxially textured templates is most likely due to the reduced size of the MgO grains that is characteristic of the IBAD process.
C. Domain characterization
The tetragonal distortion in PBT (c/a 1) causes a tilt angle, ␦, between the (100) plane of the a domains and (001) plane of the c domains, as illustrated in Fig. 5 . As a result, it is not possible to get a complete picture of domain orientation in PBT using normal x-ray -2 scans alone. The x-ray pole figures are necessary for a comprehensive understanding of the domain orientation. 29 For the PBT thin films examined in this study, the c domains were observed to be oriented normal to the sample's surface while the a domains were tilted, by the angle ␦, in four equivalent directions away from the substrate normal, giving rise to four variants. A sample (100) pole figure (Fig. 6) for PT on single-crystal MgO, is 4-fold split, indicating the presence of these four variants. The 4-fold splitting, observed here for various compositions of PBT on single-crystal MgO, is the direct signature of 90°domain walls in the films.
In principle, the tilt of the a domains would lead to -2 normal scans underestimating the abundance of a domains when calculating the domain fractions from the integrated intensities of diffraction peaks. 30 In this study, domain volume fractions for a variety of PBT compositions and film thicknesses were calculated using -2 scans (using integrated intensities from the first-order diffraction peaks) and pole figures (using full volume integration of the (001) and (100) poles) at room temperature. The normal scans were found to underestimate the a domain volume fraction, but only slightly. For instance, direct comparison of domain fractions from pole figure volume integration and -2 scans, at room temperature, differed only by 3% for a 400 nm, x ‫ס‬ 0.8 PBT film and only 5% for a 250-nm PT film (composition x ‫ס‬ 1, where the tilt angle is maximum). As the temperature increases, the tetragonality ratio, c/a (confirmed experimentally using the -2 scans), as well as the tilt angle, ␦, decrease. This further improved the domain fraction results from the -2 scans. For this reason, -2 scans will be used below to estimate the extent of domain switching at higher temperatures.
Pole figures, both (001) and (100), were also collected for films deposited on biaxially textured IBAD MgO substrates. These data exhibited no such pole splitting, suggesting the absence of twin boundaries (Fig. 6) . The presence of 90°domain walls only for films grown on single-crystal MgO is consistent with results obtained using cross-sectional transmission electron microscopy (XTEM), on similarly prepared films. 31 In XTEM images ( Figure 7 ) of a PBT film on single-crystal MgO, a regularly spaced domain structure is observed, where a domains appear as wedges oriented at about 45°to the normal in the predominantly c-axis film. No such structure was observed for a PBT film on the biaxially textured MgO/Si 3 N 4 /Si template grown in the same batch, under the same processing conditions. 17 Plan view TEM indicated that the grain size for PBT on biaxially textured MgO (60 nm average) was indeed smaller than that for PBT on single-crystal MgO. We propose that this reduced grain size is the primary reason for absence of the 90°domain walls. It has been observed that a domain-structure transition, from multi-domain to single-domain grains, occurs for small grain sizes (∼150 nm), 32 resulting in whole c-or a-oriented grains. This is consistent with the absence of domain boundaries (from pole figures and XTEM) for the films on biaxially textured substrates, where the grain size is well below this limit.
D. Microtexture
Inverse pole figures (IPFs) were calculated from EBSD data, as a convenient texture representation for the thin film geometry, where single-axis textures can be displayed (normal to or in-plane of substrate for instance). IPFs were consistent with XRD results, indicating that the vast majority of sample patterns are either (001) or (100) oriented for PBT, on both types of substrates ( Fig. 8 for 500 nm PBT films, x ‫ס‬ 0.9). Furthermore, the in-plane (Y0-IPF along MgO 001 in the plane of substrate) and out-of-plane (Z0-IPF along surface normal) textures had a smaller mosaic spread for samples on single-crystal MgO compared to biaxially textured MgO templates, as is expected.
The c versus a domain fractions can also be estimated using EBSD from the normal axis IPF, by simply counting the number of data points that cluster around the 001 and 010 poles. It must be noted, however, that the penetration depth of EBSD is only 30-60 nm compared to a few micrometers using XRD. The domain fractions obtained from EBSD, therefore, will represent the nearsurface domain structure except for very thin films. Domain fractions obtained using EBSD were within 5-10% of XRD data for PBT films less than 100 nm in thickness. For thicker films (∼500 nm), we observed differences as large as 30%, where the EBSD data typically overestimated the abundance of the minority domain orientation. The EBSD data were also consistent with the observation of the tetragonal tilt angle, where a domains (for PBT on single-crystal MgO) were tilted from the surface normal by ␦ (see Fig. 5 ). The orientation data, gathered from the a-oriented sample points, showed the majority of a domains were tilted 2-3°away from the surface normal (Fig. 9 ) compared to a standard distribution for the c domains. This spike agrees well, with the expected tilt angle value for this film, where c/a ‫ס‬ 1.051 and ␦ ‫ס‬ 2 arctan (c/a) − ‫ס°09‬ 2.85°. No such spikes were found for PBT films on biaxially textured MgO, further confirming the absence of 90°domain boundaries in these films, due to the reduced grain size. 
E. Domain switching
There is experimental and theoretical evidence [33] [34] [35] [36] [37] [38] [39] [40] that the domain structure forms as a strain-accommodating mechanism, when the system cools through the Curie temperature following growth. The net effect is to minimize the total energy of the heterostructure, using the degree of freedom that the tetragonal phase offers in the form of domain switching. In terms of the coherent temperature-dependent stability map, 33 the films fabricated in this study occupy the mixed a/c portion of the map. This is predicted and experimentally observed for PT on MgO using an effective substrate lattice parameter, b*, to take into account the misfit dislocations at the film/ substrate interface formed during growth. 34, 37 High-temperature x-ray diffraction (HTXRD) scans, for PBT on single-crystal MgO, did indeed show a substantial change in c and a domain volume fractions as a function of temperature up to the phase-transition point, as evidenced by the change of intensity of (001) and (100) diffraction peaks. Figure 10 features a series of -2 scans of the first order diffraction peaks from a 240-nm PT thin film on single-crystal MgO. These spectra indicate, that in addition to domain fraction changes, the c lattice parameter decreases with temperature while the a lattice parameter increases, as first observed by Shirane 41 on bulk PT. The spectra are consistent with work predicting and experimentally verifying the change of domain fractions for PT on MgO 38,39 and we here expand the range of compositions for which domain switching with temperature is verified.
A variety of compositions (x ∼ 0.5-1) have been tested and all displayed domain changes similar to the PT/MgO system featured in Fig. 10 . The volume fractions were extracted from the -2 scans by fitting pseudo-Voigt profile functions (the weighted mean between a Lorentzian and a Gaussian function) to the first-order diffraction peaks (001 and 100) to extract better data and deconvolve overlapping peaks. A standard nonlinear least-squares refinement procedure was used to arrive at the final fit for each temperature (Levenberg-Marquardt method). Results are shown in Fig. 11 for PT as well as a PBT film (x ‫ס‬ 0.7) on single-crystal MgO. Results are not included for temperatures nearing the respective Curie temperatures, as it was difficult to reliably deconvolve the (001) and (100) peaks near the transition points.
The results presented here agree with theoretical work, 40 suggesting that for a fully relaxed PT film deposited by MOCVD under similar conditions, the c domain fraction is ∼0.81 at room temperature (0.8 in Fig. 11) . Furthermore, the reduction in the c domain fraction is consistent with the calculations by the same authors.
No such coherent domain switching was observed for the PT thin films deposited on IBAD MgO/Si 3 N 4 /Si. These results, coupled with the absence of 90°domain walls (discussed above) for this type of substrate (due to reduced grain size) suggest that 90°domain boundaries may be critical for the process of domain switching as a strain relief mechanism. Instead, the whole c-or aoriented grains appear to be pinned to the substrate in this specific heterostructure.
IV. CONCLUSION
Pb x Ba 1− x TiO 3 ferroelectric thin films were successfully deposited on both single-crystal MgO and biaxially textured MgO/Si 3 N 4 /Si substrates using MOCVD. A systematic comparison using SEM, XTEM, XRD, and XRD pole figures indicated the absence of 90°twin boundaries for PBT on the biaxially textured MgO and we attribute this result to the reduced grain size on this type of substrate, when compared to larger PBT grains, containing twin boundaries, on single-crystal substrates. Changes in domain fractions were observed in films containing 90°d omain boundaries, at higher temperatures, using HTXRD. These results are consistent with theoretical work suggesting that the domain switching acts as a strain-relief mechanism to reduce the overall energy of the heterostructure. However, no such changes were observed for films lacking twin boundaries, on biaxially textured MgO templates. We also utilized EBSD as a tool to study the texture of the ferroelectric thin films, by presenting texture data, in the form of in-plane and normal axis IPFs that are consistent with the XRD results. Orientation data from EBSD further confirmed the presence of 90°domain boundaries for PBT on single-crystal MgO, evidenced by measuring the tetragonal tilt angle. The combination of superior resolution and large spatial extent makes EBSD a powerful tool to probe the near-surface domain microstructure and full texture information of ferroelectric thin films and microstructures directly in the SEM.
